A frozen or wet road surface is a cause of skidding and accidents, so road surface condition is important information for driving safety. Some instruments and methods have been developed to investigate road surface conditions based on optical imagery, although an active sensor is needed, regardless of the time of day. Recently, the laser scanner, which acquires backscattering intensity data related to reflectivity, has become popular in various fields. There is a need to investigate road surface conditions (frozen, wet, or dry) using laser backscattering intensity. This study tries to analyze signal characteristics of laser backscattering intensity to detect frozen and wet surfaces on roads. An ice target with a 7 cm thickness was placed on a road surface, and a wet surface was made due to the melting ice. The ice target, wet surface, dry surface, and roadside vegetation were scanned using a laser scanner. As a result, backscattering signals from the top surface of the ice target were missing due to its smoothness. Dry and wet asphalt surfaces showed distinguishable intensity ranges in their signals. The thick sidewall of the ice target and vegetation at the roadside showed overlapping intensity ranges. An ice sheet is only a few millimeters thick on a real road surface, and the roadside vegetation might be easily distinguished by using texture or auxiliary data. Therefore, laser backscattering intensity can be used to detect frozen, wet, and dry road surfaces, regardless of the time of day. The laser scanner can be installed to acquire information about road surface conditions from observation stations and vehicles in an application for transportation.
Introduction
Road surface condition is important information for driving safety. The road surface condition due to weather has been reported as the primary reason for traffic accidents [1] [2] [3] . Frozen and wet conditions cause skidding and subsequent accidents due to the unexpected loss of traction. In particular, the rate of traffic accidents is very high at night under frozen conditions [4] . In the dark, a frozen area of a wet road surface (called black ice) is generally invisible to drivers. Black ice is a thin coating of glaze ice on a surface, especially on roads [5] . The ice itself is not black but is visually transparent, so only the black road below can be seen through it.
Several methods have been developed to investigate various conditions on road surfaces. Equipment was developed to measure the condition of the road surface using a near-infrared (NIR) light source and a detector mounted on the front of a vehicle [6] . Many studies that tried to classify road surface conditions (such as dry, wet, and icy) using visible or NIR imagery showed high classification accuracies [7] [8] [9] [10] [11] [12] [13] [14] . Recently, a system was commercialized for analysis of the conditions on road and runway surfaces. It consists of a camera using light-emitting diode (LED) lighting and various weather sensors [15] . In addition, active sensor technologies have been developed to classify road surface conditions using backscattering signals from radar and sonar [16] . Most of these studies focused on analyzing various road conditions using imagery from optical sensors. However, the passive optical sensor has limited use in the dark, even though it can use artificial light. Therefore, it is necessary to develop a detection method for black ice and wet road conditions, regardless of the time of day, because the probability of an accident from frozen and wet surfaces is higher at night.
Radar and light detection and ranging (LiDAR) are representative active sensors. They can be used regardless of the time of day, because they have both an energy source and a detector in a sensor system. Active sensors have limited use due to their high price, despite the enhancement of manufacturing and application technology [17] . Recently, the laser scanner has become popular owing to miniaturization, channel increases, price reductions, and high processing speeds. The application areas for laser scanners, such as industrial manufacturing, healthcare, civil engineering, entertainment, media, aerospace, and defense [18, 19] , are expanding broadly and growing rapidly. In the surveying industry, application fields are expanding from aerial or ground surveys to autonomous surveys based on unmanned aerial vehicles (UAVs) and motor vehicles [20] . In particular, the laser scanner is expected to grow rapidly as an essential sensor for autonomous vehicles [21] .
LiDAR is expected to be useful for road surface condition analysis because it can measure both backscattering intensity and the range between the sensor and the target. The intensity is regarded as auxiliary data in the surveying field. LiDAR sensors are mainly used for 3D surveying and object detection. Initially, LiDAR was developed to focus on improving point density by increasing the laser pulse frequency [22, 23] . There has been relatively little interest in the use of backscattering intensity data, although more information can be acquired about reflectivity of the target. Some studies have reported a strong correlation between backscattering intensity of a laser pulse and the spectral reflectance at the wavelength of the laser used [24, 25] . Recently, with increasing interest in the use of backscattering intensity, multispectral LiDAR has been developed to simultaneously acquire both three-dimensional coordinates and types of land-cover information [26] . The detailed theories about LiDAR and backscattering intensity are covered in Background.
The aim of this study is investigation into the signal characteristics of laser backscattering intensity in order to detect frozen and wet surfaces on roads. For an experiment, an ice target, a wet surface, a dry surface, and roadside vegetation were scanned using a laser scanner. Then, signal characteristics were investigated to detect frozen and wet surfaces on the road. Finally, we explore the possibilities for detection or classification of road surface conditions.
Background
. . LiDAR. LiDAR is a system consisting of a laser scanner and a global positioning system/inertial navigation system (GPS/INS) [22, 27] . The laser scanner transmits laser pulses and receives backscattered laser pulses from the target. It is a simple principle to calculate the range between sensor and target using the difference between transmitted time and received time and the speed of light, as expressed in (1) and seen in Figure 1 : where R is the range between the sensor and the target surface, t L is the round-trip time of the laser pulse, and c is the speed of light.
The laser scanner scans a three-dimensional area by changing the scanning direction rapidly and repeating the transmission and reception of laser pulses. The scanner simultaneously measures direction, round-trip time, and backscattering intensity of the laser pulses. The range resolution (ΔR) is determined according to the transmit-andreceive repetition period (Δt L ) of the laser pulse, as shown in the following equation:
When the scanner is moved by the platform, the position and attitude of the scanner are measured simultaneously using the GPS and INS. The direction and round-trip time are used to determine three-dimensional coordinates (X, Y, Z) of target surfaces, combined with the position and attitude of the sensor from the GPS/INS.
. . Backscattering Intensity. Laser pulses are generated with a narrow wavelength width in the green, red, and nearinfrared regions. The wavelength of laser pulses affects the maximum range and the signal-to-noise ratio (SNR) [27] . The maximum range of the pulses is dependent on the wavelength of the laser used and the spectral reflectance of the target. The SNR depends on the wavelength owing to intensive background illumination, such as sunlight. SNR affects the accuracy of the range measurement. The laser scanner measures the intensity of the received laser pulse in addition to the round-trip time to estimate the effective maximum range of the laser pulse. The intensity is recorded as a relative digital number (DN) within the allowed radiometric resolution of the system [28] . Figure 2 shows the range correction factor of a laser scanner manufactured by Reigle as an example. Point A in Figure 2 represents a target with 20% reflectivity which has a maximum range of only 50% of the one given in the laser specifications. The intensity of the laser pulse at the receiver can be expressed with the following equation [29, 30] :
where is the received intensity, is the transmitted intensity, is the range from scanner to target, is the effective incidence angle (the angle between the direction of the laser pulse and the surface normal at the target), is the reflectance of the target, is an atmospheric attenuation constant, and is a sensor system constant factor. In (3), the reflectance of the target might be the only effective factor of the intensity when the measuring environments (such as geometric condition, weather, and instruments) are the same. It is necessary to know the spectral reflectance of the target to understand the characteristics of the backscattering intensity.
Various materials on the Earth's surface have their own spectral reflectance from chemical compositions and physical structures, which is called the spectral signature [31] . Figure 3 shows spectral reflectance curves (spectral signatures) of representative surface types for roads and roadsides, which were collected from the spectral library of Johns Hopkins University (JHU) and the United States Geological Survey (USGS) [32, 33] . Ice has high reflectance (over 80%), from 0.4 to 1.4 m. Asphalt has continuously increasing reflectance, from 5% to 12% of the whole wavelength range. Water has about a 5% reflectance in blue and green regions (0.4 -0.5 m), and then reflectance decreases to about 0%. Vegetation shows a small peak in the green (0.55 m) region and a rapid increase at the red edge (near 0.7 m) and then high reflectance in the NIR region (0.8 -1.4 m).
Spectral reflectance is also determined based on surface roughness compared to wavelength [31] . A smooth surface shows specular reflection, and a rough surface shows diffused reflection (Figure 4) . In specular reflection, incident energy is reflected toward the incident direction with the same intensity. In diffused reflection, incident energy is reflected in dispersed directions, and the intensity of the energy returning to the sensor is weakened. Therefore, surface roughness affects the strength of the energy returning to the sensor.
One study reported the directional distribution of reflected energy by various conditions of asphalt surface (dry, water-covered, ice-covered, and snow-covered) using halogen illumination [34] . The strongest reflection backward, in the sensor direction, was when an asphalt surface is dry. The most of incident energy was reflected in the incident direction when the surface condition was covered with water or ice. Snow showed diffused reflectance, and energy was reflected by a rough surface in all directions with a similar intensity.
By this theory, laser backscattering intensity can be used to analyze road surface conditions. However, there have been limited such experiments. Therefore, it is necessary to investigate the possibility of detecting and classifying road surface conditions by analyzing the characteristics of backscattering intensity from a laser. 
Materials and Methods
. . Laser Scanner. To measure laser backscattering intensity, this study used a ScanStation C10 laser scanner manufactured by Leica Geosystems, Switzerland. Table 1 shows the specifications of the laser scanner used. It has a 3R class green laser (532 nm) with a range of up to 300 m. The scan rate is up to 50,000 points per second, the spot size is 4.5 mm at 0 -50 m, and the point spacing is at least 1 mm.
. . Ice Target. An ice target was prepared by placing four ice cubes side by side on an asphalt road ( Figure 5(a) ). Each ice cube had a width of 25 cm, a depth of 25 cm, and thickness of 7 cm ( Figure 5(b) ). The total size of the target was 50 cm × 50 cm × 7 cm. The four ice cubes touched, but there was actually a gap between them. There was an opaque part at the upper left of the ice target, as shown in Figure 5 (a). Black ice on a road surface has a thickness of only several millimeters. However, considering the temperature and production conditions, the ice cubes were made 7 cm thick. After the ice cubes were placed, a wet asphalt surface formed from melting ice.
. . Laser Backscattering Intensity Measurements. Horizontal distances between the laser scanner and the ice target were 30 m and 5 m, as seen in Figure 6 . Scanning angle was set to a range of 45 ∘ horizontally, centered on the target, and -45 ∘ to +45 ∘ vertically. The experiment site was an asphalt road at Inha University, Incheon, Republic of Korea. Laser scanning data were acquired between 15:09 and 16:05 hours, local time, on 2 November 2018. The solar elevation angle decreased from 25 ∘ to 16 ∘ during measurement, and the site was shadowed by surrounding trees. Temperature was about 15 ∘ C, and humidity was 63%. Figure 7 shows the geometric configuration for laser scanning. The height of the sensor was 
Results

. . Laser Scanning Data.
Laser scanning data were obtained in the form of a point cloud, as shown in Figure 8 . The point cloud data were converted to ASCII XYZI format. In the XYZI format, each point is separated by a row, and each row consists of four columns, which are three-dimensional coordinates (X, Y, Z) plus backscattering intensity, where intensity is a relative DN value with a 12-bit depth [28] . . . Missing Laser Backscattering Signals. There are some blank areas without laser backscattering signal in Figure 8 . These are the top surface of the ice target, some parts of the vegetation area, and the areas occluded by the ice target and a box.
The top surface of the ice target could not be scanned. The primary reason might be specular reflection from the smooth surface. Spectral reflectance and effective incidence angle are major factors in backscattering intensity under the same geometric conditions (see (3)). The effective incidence angle is affected by the target's structure. Ice has a very high reflectance in the visible and NIR region, in theory, but no backscattering signal was observed in the experiment. The reasons for the missing signals might be absorption by moisture and specular reflection by a smooth surface, as shown as Figure 4 . Absorption of moisture was not considered a reason, because the sidewall and the opaque parts of the ice showed backscattering signals under the same moisture conditions. Except for absorption, specular reflection can be considered a key factor in backscattering. Therefore, the missing backscattering signals from the top of the ice were caused by specular reflection from smoothness. In real applications, it is possible to detect black ice by using a phenomenon where signals are suddenly missing during periodic scanning of the road surface. There are two big blank areas; those are the asphalt surface behind the ice target and the grass behind the box, respectively. They are areas occluded by the ice target and the box. The blank areas are longer at the 30 m distance than at the 5 m distance due to incidence angles. The laser pulses have a smaller incidence angle at the 30 m distance, as shown in Figure 7 .
Some small blank areas of vegetation might be caused by the incidence angle. The ratio of blank areas is higher at 30 m than at 5 m. The laser pulses might be blocked by some leaves of grass with small effective incidence angles, because they have a vertical structure.
. . Backscattering Intensity by Road Surface Conditions.
Laser pulses were backscattered from the surface of the scanning area except for missed or occluded areas. Some laser pulses were backscattered at the sidewalls facing the sensor and at the gaps between the ice cubes, although most of the missing backscattering signals were from the top of the ice target. The backscattering signal was concentrated at the upper left of the ice target in Figure 8 . It is the opaque part of the ice target, as shown in Figure 5(a) . There are more points from the ice target occurring at the 5 m distance, compared to 30 m, because more opaque parts might be seen from a bigger incidence angle.
In Figure 8 , colored backscattering intensity looks like it is classified by road surface conditions, including vegetation beside the road. Some parts of the ice target and the wet asphalt are shown in red with a low value. Dry asphalt is shown as orange, and yellow indicates mid-range intensity. Vegetation at the roadside is shown in green at high intensity. These are caused by spectral reflectance of the target in the wavelength of the laser used, where spectral reflectance is affected by absorption, transmittance, and surface roughness [31] . The sum of absorbed, transmitted, and reflected energy is equivalent to the incident energy. Reflectance is related to surface roughness, as mentioned above.
In Tables 2 and 3 , statistics of backscattering intensity for each surface type are shown based on sensor-target distance. Sample points were collected from each surface type, and then statistics for backscattering intensity were calculated (mean, standard deviation, minimum, and maximum). The mean values for surface types have a similar pattern, with spectral reflectance in the green region (0.5 -0.6 m) of Figure 3 and from a previous study [34] . Mean values were in the following order: vegetation, dry asphalt, wet asphalt, and sidewall of the ice. High backscattering intensities for vegetation could be explained by the wavelength of the laser and the surface roughness. The laser scanner used a 532 nm equivalent green region where spectral reflectance of vegetation is higher than other surface types. Vegetation has the highest surface roughness among the surface types, which is a reason for higher backscattering intensity than from other surface types. Dry asphalt showed higher backscattering intensity than wet asphalt due to the absorption of electromagnetic energy by moisture. Dry asphalt also showed a higher backscattering intensity than the sidewall of the ice, because it has relatively higher roughness, even though asphalt has a lower spectral reflectance than ice. Additionally, the backscattering intensity of the sidewall facing the sensor was low due to transmission from clear ice (a crystal), although the spectral reflectance of ice is known to be very high in the visible-NIR region.
The mean intensities are lower at 5 m than at 30 m. The reason might be that received intensity decreases with an increasing effective incidence angle by the cosine function in (3). Vegetation shows a relatively bigger decrease than other surface types. The sample points were collected from grass, where leaves are distributed vertically. The vertical leaves might be able to strongly reflect and block the laser pulse incident horizontally. This might be the same reason for small blanks in the vegetation. The dispersed laser pulse might be weakened when penetrating the bottom through Backscattering intensity of ice is the signal from the sidewall face to the sensor direction.
the leaves when the incidence angle is big. Therefore, sensortarget geometry and physical structure of the target might be reasons for the decreased mean in backscattering intensity at 5 m, compared to 30 m. Standard deviation of vegetation decreased at the 5 m distance, although the other surface types showed similar values. The reason might be increasing homogeneity by an increasing incidence angle, such as in Figure 9 . Vertical leaves of grass might show higher homogeneity from a sensor that looks at the nadir, rather than a horizontal direction.
It is necessary to check whether the surface condition can be classified by statistical analysis. Mean and standard deviation are generally considered as distribution ranges for classification. Classes were confused when the distribution ranges were overlapped by a high standard deviation, even though the means of the two classes were different. Figure 10 shows the ranges of mean ± 2 × standard deviation using the statistics for each surface type. Wet asphalt and dry asphalt are classified clearly by the 95% range. However, the ranges for vegetation and ice (sidewall) are broad and overlap other surface types. The wide intensity range of vegetation was caused by multiple backscattering from penetrating laser pulses. For the ice, some energy of a laser pulse might be backscattered from the ice surface, and the remaining energy might be backscattered from the asphalt through the ice target. For the vegetation, some energy of a laser pulse might reach through the leaves. These were common phenomena in the observations at both 30 m and 5 m distances.
Discussion
The results showed that backscattered points were missing for the top surface of the ice target. The mean backscattering intensity of dry asphalt, wet asphalt, and vegetation, except for the ice target, showed a pattern similar to the spectral reflectance at the wavelength of the laser used. The difference in backscattering intensity according to the sensor-target distance is considered to depend on the incidence angle and the structure of the target. The differences are small for a twodimensional road surface but relatively large for the complex three-dimensional vegetation.
The condition of the road surface could be classified as a dry surface, a wet surface, and a thin ice sheet (such as black ice) by using laser backscattering intensity within the road. There were limitations to classifying the condition of the road surface, including vegetation and the sidewall of thick ice cubes, using intensity. However, an ice sheet is usually several millimeters thick on the road surface, and vegetation has height and a rough surface. The road area also might be extracted with texture or auxiliary data. Consequently, laser backscattering intensity could be used to detect frozen and wet road surface conditions. For applications, the platforms for operating a laser scanner can be either fixed or mobile. A mobile platform can represent a vehicle. In the near future, it should be possible to acquire data easily through LiDAR, which is a key sensor in autonomous vehicles. There is a limit to this, in that the road 8 Journal of Sensors surface condition will be scanned from a driven vehicle. A fixed platform can be like the facilities above, or on the side of the road, such as traffic lights or an intelligent transportation system (ITS). The fixed platform has advantages in that it is possible to monitor the road surface condition, in addition to falling obstacles, through continuous observation of a predetermined area. However, many stations are needed to acquire spatially continuous information, which may be inefficient in terms of cost. Therefore, it is necessary to maximize efficiency by optimizing the installation site using information about frequent occurrences of frozen road surfaces and hydroplaning.
Conclusions
In this study, we investigated the possibility of extracting driving safety information, such as identifying frozen, dry, and wet conditions on a road surface, from laser backscattering intensity data. Laser backscattering intensity was measured for an ice target, dry asphalt, wet asphalt, and vegetation from ranges of 5 m and 30 m. As a result, the backscattering signal was missing from the top of the ice due to specular reflection. A wet asphalt surface showed lower intensity than a dry asphalt surface. Therefore, it is possible to detect frozen and wet road surfaces versus dry conditions. The laser scanner can contribute in the future to improving safety for drivers by enabling night observation. Further studies are needed using a smaller and cheaper laser scanner. It is also necessary to check the possibility of applying the method in various environments.
Data Availability
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